Abstract: For heterogeneous catalysis, the metal catalysts supported on reducible metal oxides, especially CeO 2 and TiO 2 , have long been a research focus because of their excellent catalytic performance in a variety of catalytic reactions. Detailed understanding of the promotion effect of reducible metal oxides on catalytic reactions is beneficial to the rational design of new catalysts. The important catalytic roles of reducible metal oxides are attributed to their intimate interactions with the supported metals (e.g., strong metal-support interaction, electronic metal-support interaction) and unique support structures (e.g., oxygen vacancy, reversible valence change, surface hydroxyl). However, the structures of the catalysts and reaction mechanisms are strongly affected by environmental conditions. For this reason, in situ/operando spectroscopy studies under working conditions are necessary to obtain accurate information about the structure-activity relationship. In this review, the recent applications of the in situ/operando spectroscopy methodology on metal catalysts with reducible metal oxides as supports are summarized.
Introduction
The development of spectral characterization techniques has had a significant impact on catalysis science in revealing the structure-activity relationship [1, 2] . By virtue of spectroscopy methodology (e.g., XRD, XAFS, IR, Raman, XPS), the geometrical and electronic structures of the catalytic active site and reaction intermediates can be well characterized. However, they are strongly affected by environmental conditions (atmosphere, temperature, pressure, etc.) [3] . Based on the characterization results in ex situ conditions, an incorrect structure-activity relationship will probably be obtained. It is therefore important to accurately simulate the realistic operation conditions by applying appropriate in situ cells in spectroscopy studies. With the development of in situ/operando spectroscopy methodology, it provides an effective way to identify the intrinsic active sites and corresponding reaction intermediates in real catalytic reactions [4, 5] .
Reducible oxides (e.g., TiO 2 , CeO 2 ) supported metal catalysts have attracted extensive attention, due to their excellent catalytic performance in many important reactions (e.g., CO oxidation [6] [7] [8] [9] , water-gas shift reaction [10] [11] [12] [13] , CO 2 hydrogenation reactions [14] [15] [16] [17] [18] ). The reducible oxides are supposed to play roles via several routes, including intimate metal-support interactions (e.g., oxides encapsulation of metal nanoparticles [19] , electronic interactions [20] , metal nanoparticle stabilization [21] ) and high-performance metal-support interfacial active sites (e.g., support participation in catalysis [22] ). In order to distinguish which of them is the most important, great efforts have been devoted to obtaining structural information of active sites and reaction mechanisms by applying situ/operando spectroscopy methodology under practical conditions.
In the present work, apart from addressing the key scientific problems encountered by heterogeneous catalysis with reducible oxides as supports, the emphasis is on recent contributions of in situ/operando spectroscopy studies that try to address these problems. We propose current challenges and future strategies for further development of in situ/operando spectroscopy studies in this area.
Intimate Metal-Support Interaction

Strong Metal-Support Interaction
The strong metal-support interaction (SMSI) was reported to suppress the capacity of group 8 noble metals to adsorb hydrogen and carbon monoxide by Tauster [23] . Great efforts have been made to understand the SMSI between metals and reducible supports [24, 25] . The microscopic techniques play a key role in revealing the structural basis of SMSI, which was found to be the formation of an overlayer of the reducible oxide material across the metal surface [26] [27] [28] [29] . In addition, the combination of both in situ spectroscopic and microscopic techniques (e.g., near-ambient pressure scanning tunneling microscopy) is an effective strategy to study the structure-activity relationship at a molecular level [30, 31] .
The detailed adsorption and activation properties of the metal catalysts fully covered by oxide overlayer are rarely reported. It is commonly thought that the oxide overlayer is apt to cover all the metal site, which renders catalysts inactive. Chen et al. constructed two kinds of TiO x /Pt(111) surfaces to simulate the SMSI state [32] . The evaluation results in CO oxidation showed that the fully covered oxide layer on Pt can increase its catalytic activity, with much lower apparent activation energy compared with that of Pt(111) surface. In situ wide spectral range, infrared reflection adsorption spectroscopy (IRAS), was used in this work to monitor the surface reaction and TiO x model surfaces under reaction condition. A weak characteristic peak attributed to CO (2092 cm −1 ) was detected both in the reaction gas and pure CO atmosphere ( Figure 1A ). Combined with inactivity of titanium oxide itself for CO oxidation, the active site was deduced to be exposed Pt atoms, which is located at the boundary of the domains of TiO x layer. Figure 1B showed that the characteristic peaks of Ti-O vibrational modes (1000-500 cm −1 ) are stable in the reaction, proving the stability of the SMSI state in this work. The above work provided an ideal encapsulation model with thin oxide overlayer on metal to study the structure-activity relationship in the fully covered SMSI state. The in situ IR showed its advantage in detecting the exposed metal atom with CO as the probe molecule. In situ IRAS spectra for CO oxidation on the 1 ML (TiO x -Re) film at 473 K. Reprinted with permission from Reference [32] . Copyright 2018, American Chemical Society.
Adsorbate-Mediated SMSI
The above work realized the enhancement of the catalytic activity of Pt catalysts by precious control of the thickness of the oxide overlayer. However, this preparation method is a high cost for the real catalysts. Christopher et al. found an adsorbate-mediated SMSI (A-SMSI) effect, which can construct a permeable oxide overlayer for real catalysts [33] . For the Ru nanoparticles supported on TiO 2 and Nb 2 O 5 , the A-SMSI encapsulation state was constructed by the treatment in CO 2 -H 2 atmosphere at 150-300 • C. In situ IR spectroscopy (Figure 2) showed that the treatment in 20CO 2 :2H 2 atmosphere leads to the formation of formate (HCO 2 , 1531 and 1351 cm −1 ) and a bicarbonate-like species on the TiO 2 surface (HCO 3 , 1444 cm −1 ). At the same time, the redshift and decreased intensity of the CO characteristic peak was due to charge transfer from TiO x to Rh and the partial physical blocking of metal sites. Combined with the previous reports of HCO x -induced TiO 2 reduction [34] [35] [36] , the A-SMSI effect was proven. Although the A-SMSI state covered the Ru nanoparticles, the oxide overlayer was permeable for reactants which provided a possible method to modulate the catalytic selectivity with acceptable activity. In this work, the in situ IR shows its advantage in detecting the adsorbed species.
The above work realized the enhancement of the catalytic activity of Pt catalysts by precious control of the thickness of the oxide overlayer. However, this preparation method is a high cost for the real catalysts. Christopher et al. found an adsorbate-mediated SMSI (A-SMSI) effect, which can construct a permeable oxide overlayer for real catalysts [33] . For the Ru nanoparticles supported on TiO2 and Nb2O5, the A-SMSI encapsulation state was constructed by the treatment in CO2-H2 atmosphere at 150-300 °C. In situ IR spectroscopy (Figure 2) showed that the treatment in 20CO2:2H2 atmosphere leads to the formation of formate (HCO2, 1531 and 1351 cm -1 ) and a bicarbonate-like species on the TiO2 surface (HCO3, 1444 cm -1 ). At the same time, the redshift and decreased intensity of the CO characteristic peak was due to charge transfer from TiOx to Rh and the partial physical blocking of metal sites. Combined with the previous reports of HCOx-induced TiO2 reduction [34] [35] [36] , the A-SMSI effect was proven. Although the A-SMSI state covered the Ru nanoparticles, the oxide overlayer was permeable for reactants which provided a possible method to modulate the catalytic selectivity with acceptable activity. In this work, the in situ IR shows its advantage in detecting the adsorbed species.
. Figure 2 . In situ DRIFT spectra collected from 2% Rh/TiO2 at the reaction conditions (180 °C, 1% CO2, 1% H2, 98 % He) for reduced (red), 20CO2:2H2 treated (blue), re-reduce (black) catalysts. On 20CO2:2H2 treatment, the CO stretching frequency of linear and bridge Rh-carbonyl groups decreased by 50 cm -1 , their intensity dropped twofold and TiO2-bound HCOx species appeared. Re-reduction reversed all the effects of the 20CO2:2H2 treatment. Reprinted with permission from Reference [33] . Copyright 2016, Springer Nature.
Wet-Chemistry SMSI effect
The constructions of classical SMSI often rely on the redox treatments at high temperature, which probably result in sintering of the supported metal and loss of the surface area. Recently, Xiao et al. proposed the wet-chemistry SMSI (wcSMSI) effect for Au/TiO2 catalysts [37] . By a redox interaction between Au δ+ and Ti 3+ , the Au nanoparticles can be covered by TiOx overlayer. In situ UVvis spectroscopy and XPS were used to study the redox interaction in this process. For the TiCl3 solution, there was a sole peak attributed to Ti 3+ ( Figure 3A -a, 205~230 nm). When the acidity was decreased by adding a slight amount of NaHCO3, the bands of TiO2 showed redshift (210-260 nm). This is due to the hydrolysis of TiCl3. When the Au nanoparticles were introduced into the solution, the peak intensity of Ti 3+ increased greatly, confirming the fast formation of abundant TiOx species ( Figure 3A-f) . When TiCl3 was introduced into the Au colloid, the drastically increased band of Ti 3+ also showed up. These results confirmed the strong redox interaction in the preparation process. The XPS spectra (Figure 4) showed that the chemical state of Au colloids is primarily metallic Au (87.5 and 83.8 eV) and Au + species (88.4 and 84.7 eV). After the adding of Ti 3+ solution, the Au species converted to negatively charge Au δ-(87.1 and 83.4 eV). At the same time, the signals of Ti 3+ diminished, indicating the transformation of Ti 3+ to Ti 4+ in this process. In addition, for the metal catalysts on the inert support, the methodology can also be used to tune their catalytic performance via TiOx overlayer capsulation. In this work, the in situ spectroscopy methodology showed its wide suitability to various conditions, including the liquid environment. 
Electronic Metal-Support Interactions
In 2012, Rodriguez found a new type of strong metal-support interaction in Pt/CeO2 catalyst, which produces large electronic perturbations for small Pt particles in contact with ceria [38] . This interaction substantially enhanced the catalytic activity of the catalyst in the dissociation of the O-H bonds in water. This type of metal-support interaction was coined as electronic metal-support interactions (EMSI) by Campbell [39] . The EMSI often leads to a special structure-activity relationship at the metal-support interfacial site, which will be discussed in the following section. 
In 2012, Rodriguez found a new type of strong metal-support interaction in Pt/CeO 2 catalyst, which produces large electronic perturbations for small Pt particles in contact with ceria [38] . This interaction substantially enhanced the catalytic activity of the catalyst in the dissociation of the O-H bonds in water. This type of metal-support interaction was coined as electronic metal-support interactions (EMSI) by Campbell [39] . The EMSI often leads to a special structure-activity relationship at the metal-support interfacial site, which will be discussed in the following section.
The Active Site at the Metal-Support Interface
In addition to the full encapsulation of metal nanoparticles with the oxide overlayer, the partially covered state results in abundant metal-support interfacial sites. At the metal-support interface, the charge transfer and support participation can greatly modulate the structures of the active sites which is significantly different from that on the metal surface. The structure-activity relationship at the metal-support interfacial sites in catalytic reactions is summarized here, including CO oxidation, water-gas shift reaction, CO 2 hydrogenation, etc.
CO Oxidation
The best catalysts for low-temperature CO oxidation are metal catalysts supported on or promoted by reducible metal oxides, such as CeO 2 and TiO 2 [22, 40, 41] . There are still many open questions about this catalytic reaction system, especially the key factor in determining the reaction rate.
3.1.1. The Adsorption of CO on Au and TiO 2 at the Metal-Support Interface
The separate bulk Au and TiO 2 are inactive in CO oxidation. Compared with them, the Au/TiO 2 catalysts showed high catalytic activity in CO oxidation at low temperature. For the traditional view, the Au atoms at the metal-support interface are thought to be the active site. However, the support sites are only thought to be involved in stabilizing O 2 . Yates Jr. et al. observed dual catalytic sites at the metal-support interface on Au/TiO 2 catalyst in CO oxidation [42] . The kinetic change of adsorbed CO on both Au and TiO 2 sites at the metal-support interface was monitored with in situ infrared spectroscopy ( Figure 5 ). The CO-FTIR spectra showed the characteristic peaks of CO adsorbed on TiO 2 (2179 cm −1 ) and Au (2102 cm −1 ), respectively ( Figure 5A ). When the Au/TiO 2 catalyst with saturated CO was exposed to O 2 at 120 K, the CO adsorbed on TiO 2 disappeared gradually while CO adsorbed on Au remain almost stable ( Figure 5B ). In addition, almost no CO oxidation was found on pure TiO 2 , indicating the key role of the metal-support interface. In response to a higher temperature, the CO adsorbed on the Au sites begin to participate in the catalytic reaction. In this work, the in situ IR showed its advantage in clearly discriminating the CO adsorbed on different sites at the metal-support interface (Au and TiO 2 ). 
The Active Site at the Metal-Support Interface
In addition to the full encapsulation of metal nanoparticles with the oxide overlayer, the partially covered state results in abundant metal-support interfacial sites. At the metal-support interface, the charge transfer and support participation can greatly modulate the structures of the active sites which is significantly different from that on the metal surface. The structure-activity relationship at the metal-support interfacial sites in catalytic reactions is summarized here, including CO oxidation, water-gas shift reaction, CO2 hydrogenation, etc.
CO oxidation
The best catalysts for low-temperature CO oxidation are metal catalysts supported on or promoted by reducible metal oxides, such as CeO2 and TiO2 [22, 40, 41] . There are still many open questions about this catalytic reaction system, especially the key factor in determining the reaction rate.
The Adsorption of CO on Au and TiO2 at the Metal-Support Interface
The separate bulk Au and TiO2 are inactive in CO oxidation. Compared with them, the Au/TiO2 catalysts showed high catalytic activity in CO oxidation at low temperature. For the traditional view, the Au atoms at the metal-support interface are thought to be the active site. However, the support sites are only thought to be involved in stabilizing O2. Yates Jr. et al. observed dual catalytic sites at the metal-support interface on Au/TiO2 catalyst in CO oxidation [42] . The kinetic change of adsorbed CO on both Au and TiO2 sites at the metal-support interface was monitored with in situ infrared spectroscopy ( Figure 5 ). The CO-FTIR spectra showed the characteristic peaks of CO adsorbed on TiO2 (2179 cm -1 ) and Au (2102 cm -1 ), respectively ( Figure 5A ). When the Au/TiO2 catalyst with saturated CO was exposed to O2 at 120 K, the CO adsorbed on TiO2 disappeared gradually while CO adsorbed on Au remain almost stable ( Figure 5B ). In addition, almost no CO oxidation was found on pure TiO2, indicating the key role of the metal-support interface. In response to a higher temperature, the CO adsorbed on the Au sites begin to participate in the catalytic reaction. In this work, the in situ IR showed its advantage in clearly discriminating the CO adsorbed on different sites at the metalsupport interface (Au and TiO2). Behm et al. investigated the EMSI on bulk reduced Au/TiO 2 catalysts with in situ IR spectroscopy measurements [43] . As key evidence to prove how the EMSI affects the catalytic performance of the bulk reduced Au/TiO 2 catalyst, the in situ IR spectroscopy measurements revealed significant differences between the CO adsorption properties of metal nanoparticles supported on bulk-reduced (CO-pretreated at 400 • C, CO400) and defect-poor (O 2 -pretreated at 400 • C, O400) Au/TiO 2 catalysts ( Figure 6 ). For the CO400 catalyst exposed to the reaction gas mixture, the strong peak at 2119 cm −1 is assigned to CO ad on Au nanoparticles ( Figure 6A ). The intensity of this peak is stable for over 1000 min ( Figure 6B ). For the O400 catalyst, however, the peak of CO ad on Au nanoparticles shows a red shift to 2116 cm −1 which proves that the Au nanoparticles are negatively charged. At the same time, this peak is very weak at the beginning of the reaction, showing the lower coverages of CO ad . This peak gradually increases with time, together with a blue shift (from 2116 to 2119 cm −1 ). These in situ spectroscopy studies clearly show that the EMSI on bulk-reduced Au/TiO 2 catalysts has a strong modification to the CO adsorption strength on the Au nanoparticles and likely results in lower activity in the CO oxidation reaction. In their following work, at −20 • C, the in situ IR further reveals that EMSI leads to a different reaction mechanism compared with the Au-assisted Mars-van Krevelen mechanism in this work [44] .
Behm et al. investigated the EMSI on bulk reduced Au/TiO2 catalysts with in situ IR spectroscopy measurements [43] . As key evidence to prove how the EMSI affects the catalytic performance of the bulk reduced Au/TiO2 catalyst, the in situ IR spectroscopy measurements revealed significant differences between the CO adsorption properties of metal nanoparticles supported on bulk-reduced (CO-pretreated at 400 °C, CO400) and defect-poor (O2-pretreated at 400 °C, O400) Au/TiO2 catalysts ( Figure 6 ). For the CO400 catalyst exposed to the reaction gas mixture, the strong peak at 2119 cm -1 is assigned to COad on Au nanoparticles (Figure 6a ). The intensity of this peak is stable for over 1000 min (Figure 6b ). For the O400 catalyst, however, the peak of COad on Au nanoparticles shows a red shift to 2116 cm -1 which proves that the Au nanoparticles are negatively charged. At the same time, this peak is very weak at the beginning of the reaction, showing the lower coverages of COad. This peak gradually increases with time, together with a blue shift (from 2116 to 2119 cm -1 ). These in situ spectroscopy studies clearly show that the EMSI on bulk-reduced Au/TiO2 catalysts has a strong modification to the CO adsorption strength on the Au nanoparticles and likely results in lower activity in the CO oxidation reaction. In their following work, at -20 °C, the in situ IR further reveals that EMSI leads to a different reaction mechanism compared with the Au-assisted Mars-van Krevelen mechanism in this work [44] . (a) Sequence of in situ DRIFT spectra recorded during CO oxidation (1% CO, 1% O2, balance N2) on Au/TiO2 at 80 °C directly after in situ pre-treatment at 400 °C in oxidative (O400: 10% O2/N2) or reductive (CO400: 10% CO/N2) atmosphere. For comparison, we also show a spectrum recorded during CO adsorption (1% CO, balance N2, 10 min) on a CO400 catalyst. For all spectra, the gas phase CO signal is already subtracted. (b) Temporal evolution of the COad band intensity during these measurements. Reprinted with permission from Reference [43] . Copyright 2017, American Chemical Society.
3.1.3. The participation of Ce 3+ species in the reaction at the Pt/CeO2 interface For CO oxidation catalyzed by CeO2-based metal catalysts (Pt, Pd, and Ni), kinetic studies proved that the reaction rate of CO oxidation depends on the length of the metal-support interface, rather than the nature of the metal [38] . However, the active sites and the rate-determining steps are still unclear at the molecular level. Safonova et al. applied time-resolved resonant X-ray emission spectroscopy (RXES) to quantitatively monitor the kinetics of formation and consumption of Ce 3+ species of Pt/CeO2 catalyst in the working conditions [45] . Figure 7 (B-E) shows the Ce 3+ concentration measured by RXES in the atmosphere from mixed reaction gas to CO at different reaction temperatures. The initial rate of Ce 3+ oxidation is very fast, which indicates the high activity of Ce 3+ . In addition, the Ce 3+ does not completely disappear, proving the presence of Ce 3+ spectator species uninvolved in the reaction. When the oxygen supply is switched off at 60 s, the concentration of Ce 3+ increases immediately, proving the participation of oxygen from the support in the catalytic process. In this work, the relationship between the concentration of Ce 3+ and the switched gas atmosphere clearly proved the high activity of partial Ce 3+ in the reaction. For CO oxidation catalyzed by CeO 2 -based metal catalysts (Pt, Pd, and Ni), kinetic studies proved that the reaction rate of CO oxidation depends on the length of the metal-support interface, rather than the nature of the metal [38] . However, the active sites and the rate-determining steps are still unclear at the molecular level. Safonova et al. applied time-resolved resonant X-ray emission spectroscopy (RXES) to quantitatively monitor the kinetics of formation and consumption of Ce 3+ species of Pt/CeO 2 catalyst in the working conditions [45] . Figure 7 (B-E) shows the Ce 3+ concentration measured by RXES in the atmosphere from mixed reaction gas to CO at different reaction temperatures. The initial rate of Ce 3+ oxidation is very fast, which indicates the high activity of Ce 3+ . In addition, the Ce 3+ does not completely disappear, proving the presence of Ce 3+ spectator species uninvolved in the reaction. When the oxygen supply is switched off at 60 s, the concentration of Ce 3+ increases immediately, proving the participation of oxygen from the support in the catalytic process. In this work, the relationship between the concentration of Ce 3+ and the switched gas atmosphere clearly proved the high activity of partial Ce 3+ in the reaction. In addition to the prepared metal-reducible metal oxide catalysts, Park et al. found that the interfacial metal-metal oxide nanostructures (Pt-NiO) are formed under a reaction condition (CO oxidation reaction) in bimetal (Pt3Ni(111)) alloy surface, which are highly active in the CO oxidation reaction [46] . A similar interfacial nanostructure (Pt/CoO) was also found on PtCo bimetallic nanoparticles during H2 oxidation reaction [47] . The combined in situ microscopic and spectroscopic techniques in these works helped to prove the formation of interfacial metal-metal oxide nanostructure.
Methane oxidation
The reducible oxide supports play an important role in both total methane oxidation (TMO) and catalytic partial oxidation of methane (CPOM). Osman et al. found that TiO2 support improves oxygen transport to Pd while the acidic support (H-ZSM-5) activates the methane and modifies the electrophilicity of Pd in the TMO reaction, resulting in the high activity at very low temperature (200 °C) [48] . For the CPOM catalyzed by Ni/CeO2-ZrO2/ZSM-5, the interfacial area between Ni and reducible metal oxides are highly active and stable. The reducible metal oxides can improve the redox (111)) alloy surface, which are highly active in the CO oxidation reaction [46] . A similar interfacial nanostructure (Pt/CoO) was also found on PtCo bimetallic nanoparticles during H 2 oxidation reaction [47] . The combined in situ microscopic and spectroscopic techniques in these works helped to prove the formation of interfacial Metal-Metal oxide nanostructure.
Methane Oxidation
The reducible oxide supports play an important role in both total methane oxidation (TMO) and catalytic partial oxidation of methane (CPOM). Osman et al. found that TiO 2 support improves oxygen transport to Pd while the acidic support (H-ZSM-5) activates the methane and modifies the electrophilicity of Pd in the TMO reaction, resulting in the high activity at very low temperature (200 • C) [48] . For the CPOM catalyzed by Ni/CeO 2 -ZrO 2 /ZSM-5, the interfacial area between Ni and reducible metal oxides are highly active and stable. The reducible metal oxides can improve the redox cycle of Ni and supply oxygen to remove the deposited carbon [49] . The in situ/operando spectroscopic technique is relatively rarely used in this research field. In 2014, Fouladvand et al. employed the transient in situ infrared spectroscopy method to study the reaction intermediates in methane oxidation over supported Pt catalysts [50] . The platinum-ceria interface is thought to be the additional active site resulting in the generally higher catalytic activity. In 2018, a combination of STEM-EDX and XPS analyses showed that the most active catalyst structure for combustion catalyst is dominated by alumina, with Ti found around the edges. The bimetallic Pd-Pt metals are similar to each other, dispersed across the support structure with a fairly random distribution. Thus, this work gives more information on the catalytic structure of a combustion catalyst [51] .
Water-Gas Shift Reaction (WGSR)
The WGSR is an important reaction used for hydrogen production and removing CO in feed streams of fuel cells. The supports significantly affect the catalytic performance in this reaction. Osman et al. found that using acidic supports led to different interaction and synergetic effect between the two most active phases of Pt metal and Mo 2 C, thus the acidity played a crucial role herein [52] . Metal nanoparticles supported on reducible metal oxides show great catalytic performance in this field. Both experimental and computational studies proved that the synergistic effect of metals and oxygen vacancies in the supports can promote the reactivity of the catalysts [13, 53] .
We have reported a TiO 2−x -modified Ni nanocatalyst (Ni@TiO 2−x ) with tunable EMSI for WGS reaction [54] . In situ EXAFS verified that the increased electron density of Ni (Ni δ− ) results from the gradually increased reduction temperature (Figure 8 ). The adsorption edges of the normalized Ni K-edge XANES spectra display a gradual shift toward low photon energy with the increasing reduction temperature compared with the Ni foil, indicating the enhanced EMSI ( Figure 8A ). In the same process, the metallic Ni-Ni distance decreased gradually with a peak shift in Figure 8B . In addition, Figure 3C ,D show that the A2 prepeaks (at~4970.5 eV) increase and shift to lower energy, proving the existence of five-coordinated Ti atoms. The above results proved the presence of EMSI and the resulting Ni δ− -O v -Ti 3+ interfacial site. cycle of Ni and supply oxygen to remove the deposited carbon [49] . The in situ/operando spectroscopic technique is relatively rarely used in this research field. In 2014, Fouladvand et al. employed the transient in situ infrared spectroscopy method to study the reaction intermediates in methane oxidation over supported Pt catalysts [50] . The platinum-ceria interface is thought to be the additional active site resulting in the generally higher catalytic activity. In 2018, a combination of STEM-EDX and XPS analyses showed that the most active catalyst structure for combustion catalyst is dominated by alumina, with Ti found around the edges. The bimetallic Pd-Pt metals are similar to each other, dispersed across the support structure with a fairly random distribution. Thus, this work gives more information on the catalytic structure of a combustion catalyst [51] .
Water-gas shift reaction (WGSR)
The WGSR is an important reaction used for hydrogen production and removing CO in feed streams of fuel cells. The supports significantly affect the catalytic performance in this reaction. Osman et al. found that using acidic supports led to different interaction and synergetic effect between the two most active phases of Pt metal and Mo2C, thus the acidity played a crucial role herein [52] . Metal nanoparticles supported on reducible metal oxides show great catalytic performance in this field. Both experimental and computational studies proved that the synergistic effect of metals and oxygen vacancies in the supports can promote the reactivity of the catalysts [13, 53] .
3.3.1. The EMSI at Ni δ--Ov-Ti 3+ interfacial site
We have reported a TiO2-x-modified Ni nanocatalyst (Ni@TiO2-x) with tunable EMSI for WGS reaction [54] . In situ EXAFS verified that the increased electron density of Ni (Ni δ-) results from the gradually increased reduction temperature (Figure 8 ). The adsorption edges of the normalized Ni Kedge XANES spectra display a gradual shift toward low photon energy with the increasing reduction temperature compared with the Ni foil, indicating the enhanced EMSI ( Figure 8A ). In the same process, the metallic Ni-Ni distance decreased gradually with a peak shift in Figure 8B . In addition, Figure 3C and 3D show that the A2 prepeaks (at ~4970.5 eV) increase and shift to lower energy, proving the existence of five-coordinated Ti atoms. The above results proved the presence of EMSI and the resulting Ni δ--Ov-Ti 3+ interfacial site. 
H 2 O Dissociation at Ni/TiO 2 Interface
In the above work, the quantitative relation between interfacial site and reaction rate proved that the Ni δ− -O v -Ti 3+ interfacial site is the active site. Furthermore, the reaction mechanism of H 2 O dissociation at Ni δ− -O v -Ti 3+ interfacial site was proven by in situ EXAFS under H 2 O atmosphere ( Figure 9 ) [55] . Upon exposure to H 2 O from 150 to 450 • C, the white line of Ni K-edge shifts gradually to high photon energy ( Figure 9A ). This indicates the oxidation of metallic Ni at elevated temperature in H 2 O atmosphere. In addition, based on the FT k 2 -weighted Ni K-edge EXAFS spectra, a peak at~3.08 Å formed at 450 • C. It is due to the formation of the Ni-O-Ti bond. In situ CO-DRIFTS measurements was also used in this work to explore the electronic structure of Ni atom at the metal-support interfacial site. These results show the efficiency of in situ spectroscopy methodology in monitoring the structural and electronic dynamic evolution of metal-support interfacial sites. Recently, EMSI was also proven to exist in Au@TiO 2−x catalysts [56] . In situ EXAFS proves that the metal support interfacial site is the active site for WGSR. Both Au δ− species and O v directly participate in the water dissociation step (the rate-determining step for LT-WGSR). 
CO 2 Hydrogenation
CO 2 hydrogenation is a promising reaction route to achieve carbon recycling. This not only contributes to the alleviation of environmental problems, but also has the potential to produce useful chemicals (e.g., CH 3 OH, CO, and CH 4 ) [57] . Metal catalysts based on reducible metal oxides (e.g., CeO 2 , TiO 2 ) are appropriate catalysts for CO 2 conversion. Recently, the unique structural features and key reaction intermediates at the metal-support interface have been well studied with in situ/operando spectroscopy methodology.
3.4.1. The CO 2 Hydrogenation to CH 3 OH at Cu/CeO 2 Interface Rodriguez et al. found that the catalytic rate of the CO 2 hydrogenation to methanol on CeO x /Cu(111) is significantly faster than those on Cu(111) and Cu/ZnO(0001) [58] . The in situ infrared reflection absorption spectroscopy (IRRAS) and ambient-pressure (AP) XPS were employed to investigate the reaction intermediates at the Cu-Ce interfaces for methanol synthesis from CO 2 . Under the reaction conditions (atmosphere: CO 2 + H 2 , 500 K), the characteristic peaks of carboxylate (CO 2 δ− , 1295 cm −1 ) and formate species (HCOO − , 1330, 1370,1598, 2858 cm −1 ) were detected ( Figure 10) . A similar result was obtained in the AP-XPS spectrum under CO 2 /H 2 mixture at 473 K on CeO x /Cu(111) surface. The main feature can be fitted with characteristic peaks of carboxylate (288.4 eV) and formate (289.2 eV), respectively. Considering the lower stability of carboxylate, it is a more active intermediate compared with formate. In this work, in situ spectroscopy studies played a key role in discriminating the new active reaction intermediates (carboxylate). This shows that the CeO x /Cu(111) surface is a new active site for CO 2 activation. In their following catalytic system based on Au/CeO x /TiO 2 catalyst, the catalytic role of CeO x in activating CO 2 and the active surface intermediates were further confirmed by in situ AP-XPS [59] .
Catalysts (Figure 10) . A similar result was obtained in the AP-XPS spectrum under CO2/H2 mixture at 473 K on CeOx/Cu(111) surface. The main feature can be fitted with characteristic peaks of carboxylate (288.4 eV) and formate (289.2 eV), respectively. Considering the lower stability of carboxylate, it is a more active intermediate compared with formate. In this work, in situ spectroscopy studies played a key role in discriminating the new active reaction intermediates (carboxylate). This shows that the CeOx/Cu(111) surface is a new active site for CO2 activation. In their following catalytic system based on Au/CeOx/TiO2 catalyst, the catalytic role of CeOx in activating CO2 and the active surface intermediates were further confirmed by in situ AP-XPS [59] . Figure 10 . IRRAS spectra at ambient pressures. The spectra were obtained after the exposure of CeOx/Cu(111) to CO2 and H2 at the indicated pressures and temperatures. All the spectra except the one at the bottom were collected in the presence of CO2 or a CO2 +H2 mixture at the indicated pressures. ΔR/R, normalized reflectivity change. Reprinted with permission from Reference [58] . Copyright 2014, The American Association for the Advancement of Science.
CO2 Hydrogenation to CO/CH4 at PtCo/CeO2 and PtCo/TiO2 Interface
The metal-support interaction can introduce large electronic perturbations to the interfacial atoms. This will directly affect the bonding properties of the catalyst with different reaction intermediates at the interface. Chen et al. found that PtCo bimetallic catalysts supported on different reducible oxides (CeO2 and TiO2) have significantly different catalytic selectivities (CO/CH4) in CO2 hydrogenation reaction [60] . The in situ FTIR played a key role in illustrating this conclusion. On the one hand, formate intermediate forms on both PtCo/CeO2 and PtCo/TiO2 catalysts while *CH3O only forms on PtCo/CeO2 (Figure 11a ). On the other hand, using HCOOH and CH3OH as the probe molecules, formate and *CH3O are likely the precursors for the formation of CO and CH4, respectively (Figure 11b ). The metal-support interaction can introduce large electronic perturbations to the interfacial atoms. This will directly affect the bonding properties of the catalyst with different reaction intermediates at the interface. Chen et al. found that PtCo bimetallic catalysts supported on different reducible oxides (CeO 2 and TiO 2 ) have significantly different catalytic selectivities (CO/CH 4 ) in CO 2 hydrogenation reaction [60] . The in situ FTIR played a key role in illustrating this conclusion. On the one hand, formate intermediate forms on both PtCo/CeO 2 and PtCo/TiO 2 catalysts while *CH 3 O only forms on PtCo/CeO 2 ( Figure 11A ). On the other hand, using HCOOH and CH 3 OH as the probe molecules, formate and *CH 3 O are likely the precursors for the formation of CO and CH 4 , respectively ( Figure 11B [61] . The in situ DRIFTS measurements played a part in detecting the absorbate species and discriminating their relative activities. Figure 12 shows that the formation rates of *H 3 CO and *HCOO are not related, indicating that the reaction does not occur via the formate route. However, the formation rate of CO is not shown by DRIFTS, which is thought to be the active reaction intermediate by the authors. [61] . The in situ DRIFTS measurements played a part in detecting the absorbate species and discriminating their relative activities. Figure 12 shows that the formation rates of *H3CO and *HCOO are not related, indicating that the reaction does not occur via the formate route. However, the formation rate of CO is not shown by DRIFTS, which is thought to be the active reaction intermediate by the authors. The oxygen vacancy is one of the unique structures for reducible oxide, which is thought to play an important role in a variety of reactions [62] . In 2015, our work found the quantitative relation [61] . The in situ DRIFTS measurements played a part in detecting the absorbate species and discriminating their relative activities. Figure 12 shows that the formation rates of *H3CO and *HCOO are not related, indicating that the reaction does not occur via the formate route. However, the formation rate of CO is not shown by DRIFTS, which is thought to be the active reaction intermediate by the authors. The oxygen vacancy is one of the unique structures for reducible oxide, which is thought to play an important role in a variety of reactions [62] . In 2015, our work found the quantitative relation The oxygen vacancy is one of the unique structures for reducible oxide, which is thought to play an important role in a variety of reactions [62] . In 2015, our work found the quantitative relation between the reaction rate and surface oxygen vacancies. This indicated that the oxygen vacancy is the active site for CO 2 methanation [63] . In order to understand the critical role of oxygen vacancies in the reaction, we used in situ XANES, IR, and Raman to study the structural evolvements of Ce 3+ , surface hydroxyl, and oxygen vacancy under the practical reaction conditions [64] . The results show that they need different activation temperature in the reaction (room temperature for Ce 3+ and surface hydroxyl, 100 • C for oxygen vacancy). The reason is probably that they work in the different elementary steps of the catalytic cycle. The steady-state isotope transient kinetic analysis (SSITKA) type in situ DRIFT IR proved that Ru nanoparticles serve as the active sites for the CO route starting from 250 • C (Figure 13) . However, the transformation of formate to methanol and the successful production of CH 4 occur at about 100-150 • C. This is a similar temperature as that required for the activation of oxygen vacancy (about 100 to 200 • C), proving that the oxygen vacancy plays a key role in the dissociation of formate to methanol in the formate route.
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Unsaturated Aldehyde Hydrogenation
The ambient pressure sum frequency generation (SFG) vibrational spectroscopy is a surface sensitive method to observe surface reaction intermediates, which is commonly used on single crystals and shape-controlled nanoparticles [65] . In 2012, Somorjai et al. used SFG to probe the oxidemetal interface in the hydrogenation of furfuraldehyde for the first time [66] . The charged reaction intermediate is highly active and selective to a specific product. In 2014, a similar result was attained in the hydrogenation of crotonaldehyde on Pt/TiO2 [67] .
Conclusions
To add to the research on heterogeneous catalysis with reducible metal oxides as supports, this review article summarizes the recent progress using in situ/operando spectroscopy methodology. On the one hand, four kinds of intimate metal-support interactions are summarized, including the strong metal-support interaction (SMSI), adsorbate-mediated SMSI (A-SMSI), wet-chemistry SMSI (wcSMSI), and electronic metal-support interactions (EMSI). On the other hand, the structureactivity relationship at the metal-support interfacial sites in three important catalytic reactions is summarized, including CO oxidation, WGSR, and CO2 hydrogenation. Although much progress has been made, great challenges still remain in this area, some of which are listed as follows: (1) It is hard to control the extent of partial decoration of metal nanoparticles by oxide overlayers for real catalysts. The preparation of catalysts via the structure topotactic transformation of layered double hydroxide 
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The ambient pressure sum frequency generation (SFG) vibrational spectroscopy is a surface sensitive method to observe surface reaction intermediates, which is commonly used on single crystals and shape-controlled nanoparticles [65] . In 2012, Somorjai et al. used SFG to probe the oxide-metal interface in the hydrogenation of furfuraldehyde for the first time [66] . The charged reaction intermediate is highly active and selective to a specific product. In 2014, a similar result was attained in the hydrogenation of crotonaldehyde on Pt/TiO 2 [67] .
Conclusions
To add to the research on heterogeneous catalysis with reducible metal oxides as supports, this review article summarizes the recent progress using in situ/operando spectroscopy methodology. On the one hand, four kinds of intimate metal-support interactions are summarized, including the strong metal-support interaction (SMSI), adsorbate-mediated SMSI (A-SMSI), wet-chemistry SMSI (wcSMSI), and electronic metal-support interactions (EMSI). On the other hand, the structure-activity relationship at the metal-support interfacial sites in three important catalytic reactions is summarized, including CO oxidation, WGSR, and CO 2 hydrogenation. Although much progress has been made, great challenges still remain in this area, some of which are listed as follows: (1) It is hard to control the extent of partial decoration of metal nanoparticles by oxide overlayers for real catalysts. The preparation of catalysts via the structure topotactic transformation of layered double hydroxide (LDHs) precursor is a good method. The reduction treatment at different temperatures can finely tune the extent of partial decoration. (2) It is a challenge to clearly make a distinction between active reaction intermediates and precursors for the adsorbed species. The steady-state isotope transient kinetic analysis (SSITKA) type in situ infrared spectroscopy is an effective method by correlating buildup/decay of surface species. However, it should be noted that the peak shift of adsorbed species may result from thermal desorption rather than catalytic conversion. (3) It is hard to confirm the real rate-determining step in the reaction mechanism. This problem is likely due to the excessive reaction temperature, which leads to an undetectable concentration of reaction intermediate on the surface of the catalyst. The detection effect can be improved by lowing the reaction temperature. With the rapid advance of in situ/operando spectroscopy methodology, the structure-activity relationship for metal catalysts supported on reducible oxides will gradually have more light spread upon it, which will be beneficial for the rational design of heterogeneous catalysts.
